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Accepted 9 January 2011ECMWF analysis data in conjunction with infrared satellite imagery and surface weather
analyses from the German Weather Service are used to investigate 15 significant central
European tornadoes (F2 intensity on the Fujita scale) that occurred in 2005 and 2006. The
primary goals of the work are to: (i) determine the typical synoptic and mesoscale
environments that are conducive to European tornadogenesis; (ii) compare and contrast the
said environments with those found in the central United States (US), with a specific focus on
severe storm predictors; and (iii) elucidate amethodology for the real-time forecasting of these
destructive storms that, in addition to the use of severe storm predictors, leans heavily on the
potential vorticity (PV) and Lagrangian frameworks of analysis.
With the caveats that there is significant case-to-case variability and the sample size is
relatively small, the results illustrate that most European tornadoes form close to (within
200 km of) a distinct upper-level PV anomaly and a majority under the cyclonic side of an
upper-level jet streak. Lower-level forcing, in the form of surface fronts, is also found to be
present in a number of cases. With regards to severe storm predictors (convective available
potential energy, storm-relative helicity and the energy helicity index), this study confirms the
earlier findings that, while representative values for European tornadic environments are
substantially lower than their US counterparts, they do provide useful predictive information in
that their values tend to be markedly higher than the local, monthly climatology. A subsequent
Lagrangian analysis that isolates the coherent air streams present in US and European
tornadoes provides significant insight into the discrepancies in both the synoptic environments
and the absolute magnitude of the severe storm predictors. Backward trajectories launched
from the tornado genesis time and position, illustrate that low-level flow blocking by the Alps
and the relatively-colder sea surface temperatures found over the Atlantic Ocean (in contrast to
the Gulf of Mexico) play a primary role in reducing the dynamic and thermodynamic
instabilities in European tornado environments.






While tornadic storms are most often associated with the
central United States (US), they are known to occur globally. In
all cases, they have the ability to produce significant loss of both
property and life. Dotzek (2003) estimates the number ofM.A. Graf).
All rights reserved.tornadoes (excluding waterspouts) in Europe at a little over
300 cases per year, a number consistent with the compilation
by Reynolds (1999a,b). This figure can be contrasted by the
approximately 1200 cases per year estimated to occur in the US
(Bruening et al., 2002). The primary focus of this study is to
compare the synoptic- and mesoscale settings associated with
European and US tornadoes, with the goal of providing insight
into the similarities and differences regarding the dynamical
processes at work in both locations.
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investigate the meteorological conditions associated with US
tornadoes. They are known to occur primarily in the warm
sector of synoptic-scale weather systems. To first order, this
region is conducive to the infusion of low-level moisture from
the Gulf of Mexico and the formation of significant thermo-
dynamic and dynamic instabilities (Agee et al., 1975; Doswell
III, 1980; Rockwood and Maddox, 1988; Roebber et al., 2002).
Given these facts, it has proven valuable to formulate and
analyze a number of severe storm predictors in the hopes of
identifying environments that are prone to spawn tornadic
storms. These include, but are not limited to, convective
available potential energy (CAPE; Emanuel, 1994), storm-
relative helicity (SRH; Davies-Jones et al., 1990) and the
energy helicity index (EHI; Rasmussen and Blanchard, 1998).
While the data clearly illustrate the usefulness of such
predictors for tornado forecasting in the US, it is not
immediately obvious if they can be directly translated for
tornado prediction in Europe. Indeed, some recent studies
suggest a significant differencewith respect to these predictors
between the environments characteristic of US and European
tornadic storms (Romero et al., 2007) and also for hail, heavy
rainfall and strong winds of convective origin (Tous and
Romero, 2006). Incorporating European Centre for Medium
Range Forecast Re-analysis data (ERA-40; Uppala et al., 2005)
during the period of 1971–2000, Romero et al. (2007)
constructed a European tornado climatology of various para-
meters associated with F2+tornadoes [F2+, referring to
tornadoes causing F2 or greater damage according to the Fujita
scale (Fujita, 1981)]. They concluded that CAPE, SRH, convec-
tive inhibition, and low-tropospheric moisture content can be
useful for identifying tornado environments, but only when
compared with the local, monthly climatological mean.
Specifically, while the absolute magnitude of these parameters
was significantly lower than in the US, extreme local values
compared to the mean were found to be associated with
European tornadoes.
The aim of the present work is threefold: (i) to identify the
synoptic and mesoscale environments that are conducive to
tornado formation in Europe; (ii) to further examine the
applicability of US severe storm predictors in a EuropeanFig. 1. F2 tornado events (black dots) in Europe according to the ESWD (left) and i
includes all tornadoes which are further investigated in this study.setting and to comment on the dynamical factors that result
in any observed differences; and (iii) to incorporate a
potential vorticity (PV) and Lagrangian framework to
examine the evolving atmospheric state that is observed in
both locations, with the hope of identifying features that
could, in principle, aid near real-time forecasting in Europe.
To accomplish these goals, 15 European F2 tornadoes during
2005–2006 are chosen for in-depth analysis.
The outline of the paper is as follows. Section 2 presents
the data and methodology. In Section 3, the synoptic and
mesoscale features associated with the European tornadoes
are examined. A comparison between the values of severe
storm predictors in the US and Europe is presented in
Section 4. In Section 5, a Lagrangian viewpoint is incorporated
to aid in the interpretation of study results. Finally, the
conclusions of the work are presented in Section 6.
2. Data and methodology
2.1. Tornado observations
This study is based upon F2 tornadoes in Central Europe
and in the US (Fig. 1). The regions north of the Alps (48–54°N
and 6–16°E) and between the Rocky Mountains and the
Appalachian Mountains (30–42°N and 102–88°W) were
chosen for Europe and the US, respectively. We chose these
geographic regions because of the relatively homogenous
terrain and the bordering mountain ridges in both regions. To
facilitate a direct comparison, only F2 events are used in the
analysis. Furthermore, several tornadoes within a small region
and short time were counted as one event because they are
associatedwith the same synoptic andmesoscale environment.
Overall, 15 European (see Table 1) and 40 US tornado events
were identifiedduring the studyperiod of 2005–2006. It should
be noted that F2 tornadoes in the US are often accompanied by
stronger tornadoes. Indeed, 13 of the US F2 tornadoes were
associatedwith a nearby F3 or F4 tornado. In Europe this is only
the case for one of the 15 events.
European tornado data were taken from the European
Severe Weather Database (ESWD), supervised by the Euro-
pean Severe Storm Laboratory (ESSL). The public ESWD webn US (right) in the years 2005 and 2006. Orography is shaded. The black box
Table 1
List of Central European F2 tornado events with date and time (UTC) of
occurrence and latitude/longitude of its position. The Central European Time
is normally UTC+1 and UTC+2 during Central European Summer Time
respectively. Tornado outbreaks with several tornadoes are merged into one
event.
Nr Date Time Lat Lon
1 03.06.2005 1800 52.54 7.87
2 29.07.2005 1800 50.36 12.47
– 29.07.2005 2020 49.64 12.27
– 29.07.2005 2115 50.47 12.71
– 29.07.2005 2120 50.37 12.82
– 29.07.2005 2130 50.54 12.99
3 30.07.2005 0400 53.38 14.98
4 22.10.2005 1720 50.39 9.77
5 26.10.2005 0010 53.52 9.21
6 27.03.2006 1700 53.47 9.89
– 27.03.2006 1755 53.56 10.77
7 20.05.2006 1238 51.52 6.92
– 20.05.2006 1440 51.9 8.73
– 20.05.2006 1442 51.8 8.43
– 20.05.2006 1730 52.33 12.55
8 16.06.2006 1615 53.32 12.42
9 21.06.2006 1500 52.55 15.74
10 26.06.2006 1000 53.27 15.45
11 20.07.2006 1610 50.75 9.5
12 21.08.2006 1925 50.5 7.57
13 28.08.2006 1631 49.44 11.07
14 01.10.2006 2145 50.67 10.13
15 31.10.2006 1435 52.4 7.3
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reports from all over Europe and the Mediterranean region.
The input to the ESWD by the public and the ESWD
maintenance has led to a large increase in reports over the
last years, though some remarkable cases, such as the 2006 F2
Castellcir tornado in Spain (Aran et al., 2009; Beck and
Dotzek, 2010), are not present in the ESWD. For further
details on the ESWD and in particular its quality, see Dotzek
et al. (2009).
US tornado data were taken from Storm Data Publications
published on the website of the National Climatic Data Centre
(NCDC) http://www.ncdc.noaa.gov or the Storm Prediction
Centre http://www.spc.ncep.noaa.gov. Storm Data is an official
publication of the National Oceanic and Atmospheric Admin-
istration (NOAA) which documents the occurrence of torna-
does and other severe weather events. NCDC receives Storm
Data from the National Weather Service.
When comparing the two datasets, a number of factors are
of note. Tornado intensity is primarily determined by damage
to buildings. In Europe, tree damage is also taken into account.
In addition, the population density is significantly higher in
Europe than in the central US. These issues associated with
tornado reporting and intensity classification are discussed
thoroughly by Doswell et al. (2009).
2.2. ECMWF analysis—synoptic surrounding and tornado
indices
Operational analysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) are used to
characterize the synoptic and mesoscale environments
associated with a tornadic event. Global data is available
four times daily (00, 06, 12, and 18 UTC). It should be notedthat a 6-h resolution data set might not be adequate for
assessing thunderstorm position precisely—probably at least
a 1-h data set, particularly for thunderstorms moving at
typical average speeds, would be required. The primary data
(temperature, specific humidity, and wind) are interpolated
from a spectral grid with a resolution of T511 triangular
truncation and 60 vertical levels (prior to February 2006) and
T799 triangular truncation and 91 vertical levels (from
February 2006) to a latitude/longitude grid with a spatial
resolution of 1°×1° and 60 vertical terrain-following levels.
Secondary fields (potential vorticity, equivalent-potential
and temperature) are calculated on the hybrid ECMWF
model grid and, where necessary, interpolated to pressure
surfaces. More information regarding the ECMWF analysis
can be obtained from http://www.ecmwf.int.
Of particular importance for this study are several severe
storm predictors which are derived from the primary and
secondary ECMWF fields: convective available potential
energy (CAPE), storm-relative helicity (SRH) and the energy
helicity index (EHI). The first parameter (CAPE) is discussed
in detail in Emanuel (1994). For the calculation of CAPE, we
rely on the operational post-processing routines for mixed-
layer CAPE (layer depth 50 hPa) for the COSMO model (more
information can be obtained from http://www.cosmo-model.
org), whichwas adapted to the ECMWF setting by Schlemmer
et al. (2010). SRH is based upon the analysis of the tilting of
horizontal vorticity into the vertical by Davies-Jones et al.
(1990). In this study, SRH is calculated as the integral
between 0 and 3 km of the vector product of storm-relative
wind vectors. The storm motion itself is calculated via the ID
method (Bunkers et al., 2000), which utilizes the following
parameters: (i) a 0–6-km non-pressure-weighted mean
wind; (ii) a deviation from the mean wind of 7.5 m/s; and
(iii) a 5.5–6 km mean wind for the head of the wind shear
vector and a 0–0.5 km mean for the tail of the wind shear
vector. Because most of the tornado-producing supercells in
the US are known to be right-movers (Bunkers, 2002), we
chose to calculate the storm-relative helicity for this storm
type only. Given that the statistics regarding right- versus
left-movers do not exist for the European region of choice, the
assumption of only right-movers may introduce an error to
the helicity calculations. Finally, the EHI index, which is the
product of CAPE and SRH, is calculated following Rasmussen
and Blanchard (1998).
3. Synoptic-scale environment of European tornadoes
In this section, Central European F2 tornado events
(Table 1) are examined to identify synoptic- and mesoscale
scale features which may be conducive for tornado-related
convection. The features are split into upper- and lower-level
forcing mechanisms or diagnosed characteristics. While this
split is useful for the identification of features in conventional
weather maps, it should be noted that both types of features
may be simultaneously present. Synoptic scale surface
weather maps from the German weather service DWD
(Fig. 2) and 250-hPa potential vorticity (PV), total wind
charts (Fig. 3) and infrared satellite imagery (Fig. 4) are used
to examine both the common features of European tornado
environments, as well as to illustrate the considerable ob-
served variability between events.
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between the 15 observed tornado cases that should be kept in
mind when evaluating the analysis that follows. It is known
that the meteorological conditions associated with tornadoes
exhibit significant seasonal variability (Bissolli et al., 2007;
Romero et al., 2007; Dessens and Snow, 1989). Of the 15
cases, five occurred during the cool season (4, 5, 6, 14, and 15)
and 10 during the warm season (1, 2, 3, 7, 8, 9, 10, 11, 12, and
13). Furthermore, cases 2 and 7 are characterized by tornado
outbreaks with five and four F2 tornadoes, respectively.
At upper levels (400–100 hPa), two features are consi-
dered: (i) PV structures (streamers and cut-offs, as defined in
Wernli and Sprenger, 2007); and (ii) jet stream/streak
intensity and positioning relative to the tornado event. The
examination of the PV structure is instructive in that
anomalous, upper-level PV features can be associated with
enhanced advection of low-level moisture, forced lifting and
atmospheric destabilization (Funatsu and Waugh, 2008;
Massacand et al., 1998; Hoinka and Davies, 2007; Schlemmer
et al., 2010).With respect to jet stream/streak structure, it has
been shown that the ageostrophic circulation associated with
jet streaks can also result in forced lifting (Uccelini and
Johnson, 1979; Rose et al. 2004). As such, the presence of such
features may lead to the formation of regions that are
conducive to deep convection.
In all but one case, European tornadoes are observed to
have formed in the immediate vicinity of a PV streamer or
cut-off (Fig. 2). ‘Close’ is defined as a PV structure with
250 hPa PV value greater than 2 PVU being less than 200 km
from the tornado position. Only one event (case 9) is more
than 200 km away. The feature in question was observed
above the tornado position in six cases (cases 5, 6, 7, 8, 12, and
13) and to the west of the tornado position in eight cases
(cases 1, 2, 3, 4, 10, 11, 14, and 15). Both locations are known
to be regions of atmospheric destabilization and/or forced
lifting (Funatsu and Waugh, 2008; Massacand et al., 1998;
Hoinka and Davies, 2007; Schlemmer et al., 2010).
The second upper-level signal investigated is the distance,
intensity and position of the jet stream or of a jet streak relative
to the tornado location. In accordance with the ageostrophic
circulation associated with jet streaks, the right entrance and
left exit quadrants of a jet streak are regions of enhanced ascent
(Uccelini and Johnson, 1979; Rose et al. 2004). Eleven (of 15)
tornadoes formed within the range of a jet streak, which is
defined as awindfield at 250 hPawithmore than 20 m/s.More
specifically: three occur under the left exit region (cases 6, 7,
and 8), three under the cyclonic left side (case 5, 12, and 13),
one on the anticyclonic right side (case 1), two in the right exit
region (case 3 and 14), one in the right entrance region (case
15) andone in the jet region, but not clearly classifiable (case 4).
The other cases could not be directly associated with the jet
stream. But note that the attribution to the different jet streak
regions is often ambiguous, and sometimes neglects the
complicated overall structure of the jet stream and the
embedded jet streaks. Interestingly, only one tornado event
occurred in the entrance region andfive in the exit region, a fact
somewhat contradictory to the findings of Rose et al. (2004)
and Clark et al. (2009). They found that US tornadoes occurFig. 2. Area around tornado location (white point) showing 250 hPa PV and wind sp
PVU on 250 hPa. The solid lines describe wind speed in m/s [20 30 40 50 and 60]. Rmainly in the exit region, but also in the right entrance region.
Possibly the relatively small number of European cases
examined in this study is responsible for this finding and that
a more exhaustive study would identify such entrance region
tornadoes.With this caveat, however, the absence of such cases
suggests a possible difference between European and US cases.
The upper-level forced cases are often accompanied by
lower-tropospheric fronts (Fig. 3). Frontal structures are
associated with convergence and enhanced ascent. Four cases
are related to cold fronts (cases 9, 10, 13, and 15) and four
events are associated with occluded fronts (cases 7, 8, 12, and
14). One case occurred in the warm sector of a short-wave
trough at the surface (case 4). Four cases are related to low-
level convergence zones (cases 1, 2, 3, and 11) and two cases
do not appear to be associatedwith an identifiable synoptic or
mesoscale weather system (cases 5 and 6).
Finally, the type of convection is qualitatively determined
from infrared (IR) Channel 4 (3.9) satellite imagery. These data
are presented in Fig. 4,where the IRbrightness temperature has
been determined by the method of Cermak et al. (2008).
The ‘type’ of convection is subjectively defined as isolated
convection, widespread convection, frontal zones or shallow
convection. Seven events are associated with isolated convec-
tion (cases 4, 5, 6, 8, 10, 11, and 12). Four times the convective
cells are embedded in zone with enhanced convection, into
whatwe termwidespread convection (cases 2, 3, 7, and9). Four
times the cells are embedded in a frontal cloud structure;
we call them frontal zones (cases 1, 13, 14, and15). One event
was associated with relatively high cloud top temperatures
indicating that the cloud top height is rather low (case 15).
In summary, all of the 15 European cases are associated
with identifiable synoptic-scale features, whether they be
anomalous PV structures at tropopause level, upper-level jet
streaks, low-tropospheric frontal zones, or convective fea-
tures. In many cases, more than one of these features is
present. These synoptic scale features occur on temporal and
spatial scales that are both easily identified on conventional
weather maps and are relatively well predicted by today's
forecast models on the time scale of hours to days. This result
suggests that the timely identification of such features,
in conjunction with the severe storm predictors (see next
section), would be valuable to tornado prediction over
Europe. It should be noted, however, the results of this
section also indicate significant variability over the 15 cases.
As such, no single paradigm can be invoked to describe all
European tornadoes.
4. Severe storm predictors
To illustrate the typical values of mixed-layer CAPE,
storm-relative helicity and energy helicity indices, a compos-
ite analysis at the ECMWF analysis time nearest to the
tornado of the 15 European events is presented in Fig. 5. For
comparison, a composite analysis for the 40 US cases is also
shown. In addition, the values near tornadoes are compared
with the local climatology which includes ECMWF data at the
position of the storm over a period from 15 days prior to
15 days after the event (see Fig. 6).eed (±15° in north, south, east and west). The shaded area determines PV in
egions with wind speeds over 20 m/s are hatched.
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Fig. 3. Synoptic situation illustrated for all European tornado events by DWD weather charts. The fronts are detected manually. The dark grey arrow denotes the
position of the tornado.
(Source: www.wetter3.de/Archiv/archiv_dwd.html).
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Peak values of CAPE are found at the time nearest to the
tornado events. CAPE is observed to increase prior to this time
and, subsequently, decrease rapidly. Moreover a diurnal cycle
is visible, which is consistent with the fact that most
tornadoes occurred in the afternoon or evening when CAPE
values are highest. The maximum CAPE values for Europe
(Fig. 5a) are approximately 600 J kg−1 and, interestingly, are
not found at the tornado's position, but are shifted 3–4° to the
south and also slightly to the east. At the tornado's position
itself, values of slightly above 200 J kg−1 are found. In
contrast, the respective CAPE values for the US events are
greater than 900 J kg−1and above 600 J kg−1, respectively.
The relatively low values over Europe are in general
agreement with previous work. Brooks et al. (2003) stated
that CAPE values in Europe generally tend to be lower than in
the US. While 1000 J kg−1 of CAPE is not uncommon in the
United States (about 7% of all soundings), it occurs much
less often in Europe (about 1% of all soundings).
In their study of European severe convective storm
environmental parameters, Romero et al. (2007) illustrate
that, while the absolute magnitudes of the values for Europe
are less than for the US cases, the values are quite large when
compared to the monthly mean value. The CAPE values for
each European tornado event with respect to the local,
monthly climatology (defined as the 30 day period from
15 days prior to 15 days after the tornado event) are
presented in Fig. 6. When viewed in this context, it can be
seen that the CAPE values at the time of the tornado event
generally fall above the 90th percentile of the local climatol-
ogy. It should be highlighted that the tornado in case 2 was
associated with CAPE values of approximately 2000 J kg−1
(Fig. 6). Values of this magnitude are quite rare in Central
Europe. Possibly, this is a reason why this event was
associated with an outbreak of several F2 tornadoes. Once
again, it becomes clear that to make the best use of the US
severe-storm predictors, one must take into account the local
climatology (i.e. one must examine the values respective to
the local mean).
While CAPE values in the US are clearly larger than their
European counterparts, the qualitative structure of the
respective CAPE composite is remarkably similar. The
maximum value is located 3–4° south of the tornado position
and a SW–NE oriented region of enhanced CAPE is observed
in both cases. To first order, one might hypothesize that the
larger values of observed CAPE for the US are at least in part a
direct repercussion of the large and warm (in terms of sea
surface temperature) moisture source represented by the
Gulf of Mexico. In contrast, the orographic blocking feature of
the Alps serves to prevent low-level moisture advection
from the south. This hypothesis will be looked at more closely
in the following section via a trajectory analysis.
4.2. Storm relative helicity (SRH)
Composite values of the storm relative helicity for Europe
and the US are shown in Fig. 5b. Peak values of 90–100 m2 s−2
are found near the European tornado, with slightly higher
values around 110–120 m2 s−2 to the southwest, and are
observed six hours prior to the closest time to the tornadoevent. Again, the local maximum does not coincide with the
tornado location, but is shifted to the southwest. Themaximum
is observed to propagate from west to east with time, as one
would expect with a propagating synoptic scale system.
Comparable US observations indicate significantly higher
values, with a maximum about 200 m2 s−2. It should be kept
inmind that locally higher SRHvalues are possible because they
might not be captured in the ECMWF analysis (Markowski
et al., 1998). However, the validation in Appendix A shows
that SRH values in soundings are normally in a good agreement
with ECMWF analysis data.
The comparison of European SRH values compared to the
30-day mean is presented in Fig. 6b. Once again, while the
instantaneous values are less than in the US, the European
values are generally over the 75th percentile.
The larger values found for the US suggest a larger fraction
of US tornadoes is likely associated with supercellular storms
or, at least, occurs where the possibility for supercell
generation is enhanced (Rasmussen and Blanchard, 1998).
The significantly higher values appear to be the result of a
more developed low-level jet in the US cases (not shown). A
reason for the stronger low-level jet in the US could be the
higher temperature gradient near fronts, more developed
synoptic systems and the lack of an orographic barrier to
hinder the development of the low-level flow.
4.3. Energy helicity index (EHI)
In Europe EHI is at a maximum six hours prior to the
tornado, reaching a value of about 0.3 at the tornado position.
Slightly higher values are found 3° to the south. During the
event, values fall below 0.2 near the tornado location (Fig. 5c).
At this time, higher values with up to 0.4 are observed in the
southeast. As a whole, the environment in Europe appears to
be rather unfavourable for supercell genesis, if compared to
typical US thresholds.
In comparison, US values are reached near the time of the
tornado event. Maximum values of about 1.2–1.3 are located a
few degrees to the southeast of the tornado position.
Furthermore, the high EHI values are more localised near the
tornado position whereas the signal is less compact for the
European composite. In Europe they are clearlymore scattered.
The comparison of European EHI values compared to the
30-daymean is presented in Fig. 6c. Once again, the values are
in most cases higher than the climatological mean, often
above the 90th percentile.
4.4. Summary
To first order, the results of this section indicate that
(i) the values for selected severe storm predictors are
significantly less in Europe when compared to US values;
(ii) the qualitative structure of respective fields is similar; and
(iii) while lower than in the US, European severe storm
indices are found to be anomalously large for tornado events
when compared to the 30-day local mean. The results suggest
that, when comparing European values to the local mean,
severe storm predictors do provide some prognostic capabil-
ity (given an adequate short-term forecast). However, the
results also indicate there are some fundamental differences
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these differences using a Lagrangian perspective.
5. Lagrangian analysis
In this section we discuss the previous results in terms of
factors preconditioning the atmosphere for severe convection
and tornadogenesis. The preconditioning is studied in a
Lagrangian framework in an attempt to identify coherent
air streams associated with US and European tornadoes. To
accomplish this task, 72-hour backward trajectories are
calculated using the three-dimensional trajectory tool
LAGRANTO (see Wernli and Davies, 1997, for a complete
description). The trajectories were started at 850 and 500 hPa
for each event at the ECMWF analysis time in the surrounding
area nearest to the tornado. The results are presented in
Figs. 7 and 8.
5.1. Moisture source
An important factor for convection is moisture in the
lower troposphere. For this reason, it is important to identify
the source of moisture associated with tornadic storm
environments. For central US tornadoes, it is well known
that the Gulf of Mexico is the primary source of low-level
moisture and the results of the backward trajectory analysis
are consistent with this viewpoint: the vast majority of low-
level (850 hPa) air parcels are found to originate over the Gulf
of Mexico (Figs. 7a and 8a, right panels). Themoisture is often
found to be transported by the nocturnal low-level jet into
the affected regions (Higgins et al., 1997). They stated that
“The impact of the nocturnal low-level jet on the overall
moisture budget during summer is considerable with low-
level inflow from the Gulf of Mexico increasing by more than
45%, on average, over nocturnal mean values.”
Given the respective location of the Gulf of Mexico within
the overall synoptic scale pattern (to the south of the tornado
genesis region, in general southerly flow), low-level moisture
advection into the tornado environment is unsurprisingly
observed in nearly all cases. The overall impact of the Gulf of
Mexico as a moisture source is also enhanced by the large
climatological sea surface temperatures (SST, Fig. 7c), which
facilitate high moisture loadings and hence low-level moist
flow to the Great Plains. On the other hand, the mid- and
upper-tropospheric flow is essentially from the west and
much drier because the Rocky Mountains block low-level air
streams from the west, favour upstream precipitation and
hence drying out of the air. Moreover, the elevated terrain
with low soil moisture content westward of the plains
supports strong heating of the air during summertime and
the development of a mixed layer. This warmed air loses
contact to the ground (elevated mixed layer) when it travels
downstream over lower terrain and produces a strong
capping inversion (Carlson and Ludlam, 1968). Finally,
foehn effects might additionally induce dry mid-tropospheric
conditions. In summary, the specific air flow conditionsFig. 4. IR satellite imagery (fromMeteosat-8/9 Channel 4, centred on 3.9 μm) for all
dashed lines marks the tornado position. The color shading describes the brightn
case. Note that the displayed section of each case is exactly the same as in Fig. 2 sh
west).favour a vertical moist/dry contrast which is conducive for
severe convection (Fawbush and Miller, 1954; Carlson and
Ludlam, 1968; Palmén and Newton, 1969; Carlson et al.,
1983).
In the European region,most tornado events are linkedwith
moisture transport from the Atlantic Ocean (cases 1, 4, 5, 6, 7, 9,
12, 13, 14, and 15), except during summertime when some
events are possibly related with Mediterranean air (cases 2, 3,
and 4; Fig. 8a). It should be mentioned that in each
Mediterranean case only few trajectories start over the sea.
Three cases (cases 8, 10, and 11) seem to be associated
exclusively with continental air, where themoisture is possibly
due to evapotranspiration associatedwith high solar insolation.
The comparison of the SST values associated with European
tornadoes to those of US tornadoes reveals a considerable
contrast. The Atlantic is much colder than the Gulf of Mexico
(see Fig. 7c), hence forbidding a high low-level moisture
loading and transport to central Europe. It is likely that the
EuropeanAlps also play a decisive role by blocking and laterally
deflecting the southerly, warmer flow from the Mediterranean
(Houze et al., 1993). If the southerly air streams are able to
surmount the Alpine ridge, they are dried out on the northern
side because of Alpine south side precipitation (Frei and Schär,
1998) and foehn effects. Finally, the trajectories for the
European tornadoes exhibit amuch stronger vertical coherence
than the US trajectories. This means that the flow has a much
weaker vertical directional gradient, which is also reflected in a
reduced moisture contrast, and hence a weaker potential for
severe convection.
5.2. Vertical wind shear
The trajectory analyses also lend insight into the impor-
tance of dynamical instability, in terms of vertical wind shear.
The turning of the wind with height (helicity; low-level
southerly and mid-level westerly flows) that is typically
observed in the US is remarkably absent in the case of
European tornadoes (Figs. 7 and 8). Once again, it appears
that the orographic barrier of the Alps is largely responsible
for the observed composite differences. By blocking southerly
flow, helicity is reduced in the case of European tornadoes.
Moreover high temperature gradients are inhibited in Europe
because of this blocking, whereas in the US large temperature
gradients can build up which then cause high values of
baroclinity which may subsequently lead to surface cyclo-
genesis via baroclinic instability. The associated strong warm
air advection in front of a cyclone can be another reason for
stronger turning of the wind with height in the US.
5.3. Conditional instability
In the US, tornadoes are usually associated with large
values of equivalent-potential temperature (Θe) at low levels.
The absolute Θe values indicate regions of strong low-level
heating or advection of warm, moist air. During the tornado
event, mean Θe on 850 hPa is approximately 320 K in Europe,European F2 tornado cases. The crossing point of the horizontal and vertica
ess temperature in °C. The number on the bottom right corner refers to the
owing the area around the tornado location (±15° in north, south, east andl
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Fig. 6. Box-whisker plots of a) CAPE [J kg−1], b) SRH [J kg−1] and c) EHI
climatologies at the European tornado positions (±15 days before/after the
calendar date of the event). The edge of the box determines the lower and
upper quartiles. The line in the middle defines the median. The whiskers
have a maximum length of 1.5 multiplied by the interquartile range. Values
outside of this range are plotted as small dots. The large black dot marks
values at the closest main synoptic time (0, 6, 12 and 18 UTC) of a case.
Fig. 5. The panels show average parameter values obtained in moving spatial
windows of 40° in latitude and longitude centred at tornado locations (i.e.,
tornado sites ±20° north, south, east and west). The tornado is located in the
centre of the square: a) Composite for mixed-layer CAPE [J kg−1] at the
closest time to the tornado event. Mean values for Europe are shaded and for
the US displayed with contours; b) storm-relative helicity (SRH) [J kg−1];
and c) energy helicity index (EHI).
40 M.A. Graf et al. / Atmospheric Research 101 (2011) 31–45whereas in the US values are much higher (about 332 K).
Furthermore, the region of enhanced Θe values (N330 K) in
US appears ‘tongue-shaped’, indicating that warm,moist air isadvected from the Gulf of Mexico toward the central US
(Fig. 8).
The vertical profile of Θe determines whether the air
column is conditionally unstable (dΘe/dzb0) or stable (dΘe/
dzN0). In Europe, Θe values decrease from surface level up to
600 hPa, which is also the case in US between 850 hPa and
Fig. 7. a) Backward trajectories (−72 h) started at 850 hPa at the position of a tornado. The different colors specify moisture content in g/kg; b) same as a) but
started at 500 hPa; and c) mean composite of SST for all tornado events in Europe (left) and the US (right).
41M.A. Graf et al. / Atmospheric Research 101 (2011) 31–45550 hPa, hence showing the regions' potential for conditional
instability. Indeed, the Θe difference between 850 hPa and
500 hPa (ΔΘe) is significantly higher in the US with mean
values of 11 K in the US and 2–3 K in Europe (Fig. 8c). This is
consistent with the larger values of CAPE seen in the previous
Section (4.1).
At this place it is appropriate to speculate about possible
reasons for the relatively larger instability values associated
with US tornadoes and their effect on tornado-related
convection. Firstly, the higher Θe values might be caused bythe more southerly position of the US area, which leads to
larger values of solar insolation. Secondly, moist air can
be easily advected from the Gulf of Mexico (as seen in
Section 5.1) to the central US in the absence of any significant
orographic barrier. In contrast, the Alps block the advection
ofmoist air from theMediterranean to Central Europe and/or
reduce the amount of moisture due to orographic precipita-
tion, as is strikingly manifest in Alpine heavy precipitation
events (Martius et al., 2006). Thirdly, the mid-tropospheric
flow ismuch drier in the US than in Europe (in comparison to
Fig. 8. a) Backward trajectories (−72 h) started at 850 hPa at the position of a tornado. The colors determine the equivalent-potential temperature (in K) of the
trajectories; b) same as a) but started at 500 hPa; and c) average parameter values obtained in moving spatial windows of 40° in latitude and longitude centred at
tornado locations (i.e., tornado sites±20° north, south, east and west). The composite shows Θe differences [K] between 850 and 500 hPa for Europe (left) and US
(right).
42 M.A. Graf et al. / Atmospheric Research 101 (2011) 31–45low level moisture), thereby enhancing the contrast be-
tween high low-level Θe and low mid-tropospheric Θe (see
Fig. 8).
6. Conclusions and discussion
6.1. Summary of study results
In this study the meteorological conditions of fifteen F2
tornadoes during 2005–2006 in Central Europe are examined
based upon the operational ECMWF analysis. Focus is givenon three aspects, all of which can be reasonably addressed
given the relative coarse spatial and temporal resolutions of
the ECMWF data set: (a) What is the typical synoptic-scale
environment and dynamical forcing mechanism associated
with tornadogenesis in central Europe? (b) How useful are
US-related severe storm and convection indicators in a
central-European setting? and (c) How can a novel Lagrang-
ian perspective elucidate the preconditioning of the European
atmosphere for severe convection? To elucidate the answers
to these questions, at points in the text we have chosen to




Fig. 9. Validation of CAPE (a), SRH (b) and EHI (c). For panel a), on the
horizontal axis the mixed-layer CAPE from the radio-sounding in Europe
(black crosses) and US (black dots) are given, and on the vertical axis the
corresponding value from a pseudo-sounding base on the ECMWF analysis.
Correspondingly, panels b) and c) are the values from the radio-sounding
and pseudo-sounding for EHI and SRH, respectively.
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regards to the three questions stated above.
(a) The synoptic-scale environment decisively preconditions
the atmosphere for severe convection, and often provides
a lifting mechanism via mesoscale features embedded
with the synoptic scale pattern (see Section 3). All 15
European cases are associated with at least one identifi-
able synoptic scale feature. Fourteen events can be
associated with an anomalous upper-level PV feature.
Nine events are placed close to a jet streak, which agrees
well with the ageostrophic flow linked to these features.
Finally, 13 events are associated with low-tropospheric
front or short-wave troughs. In contrast to the US, the
synoptic environment is less clearly defined and shows a
substantial degree of variability. This indicates that no
typical tornado setting exists in central Europe, a fact
which severely impedes the correct forecasting of
European tornadoes. Nevertheless, the results clearly
suggest that synoptic and meso-scale features at low-
and upper-levels play an important role as precondi-
tioners and/or triggers for tornadic convection, and
therefore they should be taken into account by the
weather forecasters.
b) In Section 4, severe storm and convection indicators
are examined in the environments of the 15 European
tornadoes and compared with 40 US tornado cases of
similar strength (F2). The values of all parameters
(CAPE, SRH and EHI) are significantly lower during
tornado events in Europe compared to the US, a result
which agrees well with the study of Romero et al.
(2007). Yet, even with reduced values compared to the
US, a comparison with the 30-day local climatology of
CAPE, SRH and EHI at the European tornado locations
reveals that all three severe storm indices are in the
upper percentiles of their distribution during a tornado
case. It is clear that, to be useful, severe storm indices
must be viewed in this way.
c) In Section 5, the synoptic-scale preconditioning of the
atmosphere for severe convection and hence tornado-
genesis is discussed. For this purpose, a novel Lagrang-
ian analysis is applied: 72-h backward trajectories are
started at the locations and times of the European and
US tornado events. The identification of coherent air
streams provides significant insight into the dynamic
and thermodynamic instability present in the tornadic
environments of the two regions and, more specifical-
ly, why significant differences are found (as evidenced
by the results of Section 4).
One major finding concerns the characteristics of the
primary moisture source regions: the Gulf of Mexico and the
eastern north Atlantic for US and European tornadoes,
respectively. Due to the significantly lower SSTs, evaporation
andmoisture loading are much lower than in the US (Ludlam,
1980). This effect robs European tornadoes of low-level
moisture, in comparison with US tornadoes, reducing values
of low-level equivalent potential temperature and condition-
al instability. Moreover, the differential vertical advection
that is observed in the US (forming an elevated mixed layer
that forms over the Rocky Mountains and subsequently is
44 M.A. Graf et al. / Atmospheric Research 101 (2011) 31–45advected to the Great Plains) is not found over Europe, once
again reducing conditional instability.
A secondmajor finding that is evident from the Lagrangian
analysis helps to explain the reduced helicity values observed
in Europe. The low-level blocking of flow by the Alps typically
results in low-level flow with a significant westerly compo-
nent (as opposed to a southerly in the US). The lack of
directional turning of the flow in the vertical, in combination
with often weaker low-level winds in the absence of a true
low-level jet, results in significantly lower values of helicity
and, hence, reduces the probability of long-living convective
disturbances.
6.2. Implication for the forecasting of European tornadoes
The study results suggest that European tornadoes seem
to occur in a significantly different environment than their US
counterparts (Section 3). Whereas in the US typical tornado-
conducive synoptic weather situations are well-defined, this
is not the case in Europe. Nevertheless, they occur mostly in
cyclonic regimes, often near fronts (cold fronts and occlu-
sions) or within short wave troughs. A similarity of both
regions is that tornadoes occur often near upper-level PV
anomalies, mostly on their eastern flank. In Europe where
other tornado indicators (like CAPE, SRH, EHI and ΔΘe) are
relatively weak compared to the US, the importance of
identifying such anomalous PV features is magnified.
The use of trajectories brings a new perspective on the
synoptic and mesoscale developments of tornadic environ-
ments to the forecaster. In particular, we see three possible
applications: (a) the trajectories visualize and quantify the
source and supply of moisture to the target region, at multiple
vertical levels; (b) they similarly show how contrasts
(vertical gradients) between low-level and upper-level Θe
are related to different source regions and can be sustained
over a sufficient time period; and (c) the vertical coherence or
incoherence of the horizontal flow directions are directly
related to important indices like the SRH, which are related to
the type of convection (single cell thunderstorms versus
organized and longer-lasting convective disturbances).
Threshold values of the US convective indices cannot be
simply transferred to Europe (see Section 4). Romero et al.
(2007) suggested for Europe that tornado indices should be
used with respect to their climatological distribution. The
results herein serve to reinforce this viewpoint: for the 15
cases, severe storm predictors associated with tornadic
events were found to be significantly enhanced compared
to the local climatology (Fig. 6). In most cases values lie over
the 90th percentile of the climatological distribution for CAPE
(Fig. 6a) and over the 75th percentile for SRH (Fig. 6b)
respectively. However, especially for EHI, some events do not
exhibit significantly enhanced values compared to the
climatological mean (Fig. 6c).
Nevertheless, the results as a whole suggest severe storm
predictors should be treated as an important component in
tornado forecasting. This is especially true when combining
this information with both PV and Lagrangian perspectives.
The former provides significant insight into the dynamical
forces at work, specifically with regards to the thermody-
namic and dynamic instabilities at a given time. The latter is
especially important for diagnosing the amount of moistureavailable for deep convection and convective instability and
the presence of vertical wind shear and helicity.
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Appendix A. Validation of ECMWF pseudo-soundings
Tornadoes are very localised phenomena, which clearly
cannot be captured by the coarse ECMWF analysis. Neverthe-
less, we are confident that ECMWF is well able to represent the
meso-scale (and of course the synoptic-scale) surrounding of a
tornado event. To validate this capability, the CAPE, SRH and
EHI of ECMWF pseudo-soundings are compared to the ones of
observed radio-soundings. The latter are taken from http://
weather.uwyo.edu/upperair/sounding.html,where theUniver-
sity of Wyoming offers free access to the data. The soundings
are commonly available at 0 and at 12 UTC. The validation for a
specific tornado event is done in the following steps: (a) the
nearest-location radio-sounding is chosen (within a range of
400 km); if several soundings are present within this range we
use the one with the highest CAPE values; (b) the pseudo-
sounding at the specific location is calculated at the same
ECMWF analysis times. Then, the two soundings are compared
with respect to the three severe-storm indices. A selection of
the results is shown in Fig. 9 Note, that all indices can be
modified by convective storms itself. So, large differences of the
values within short distances are possible in tornadic environ-
ments. This small-scale variability makes it very difficult to
unambiguously validate pseudo-sounding. Apart from that, it is
far from obvious how to choose the “optimal” sounding for
single storm or tornado environment validation (Rasmussen
and Blanchard, 1998).
The mean CAPE from all European radio-soundings
(684 J kg−1) is higher than the one from all pseudo soundings
(393 J kg−1). Mean CAPE values in US are significantly higher
and amount to 1489 J kg−1 for radio-soundings and 1005 J
kg−1 for pseudo-soundings. This is in good agreement with
Rasmussen and Blanchard (1998) who stated that CAPEmean
values amount to 1314 J kg−1 in tornadic environments (F2
and stronger). From Fig. 9a, several conclusions can be drawn:
(i) in general, observed high CAPE goes along with ECMWF
high CAPE; (ii) there is a considerable deviation from a linear
relationship; and (iii) whereas in the US only few events
exhibit low values, the number of tornado events with very
weak CAPE is predominant in Europe.
As shown in Fig. 9b, SRH values of radio-soundings and
ECMWF pseudo-soundings are in very good agreement. The
mean value of European events for all radio-soundings
(103 m2 s−2) is marginally higher than the one for all
ECMWF pseudo-soundings (95 m2 s−2). In the US values are
considerably higher with 160 m2 s−2 for radio-soundings and
165 m2 s−2 for pseudo-soundings. Most striking is the very
good linear relationship between the two data sets, which
might be attributed to the fact that winds (as needed for SRH
calculations) are “directly” assimilated into the ECMWF
analysis.
45M.A. Graf et al. / Atmospheric Research 101 (2011) 31–45Finally, Fig. 9c shows the validation for EHI, which by
definition is the combination of CAPE and SRH. The radio-
sounding mean for Europe is 0.35 and the one from the
pseudo-soundings 0.19. The values are very low compared to
the US where the radio-sounding mean amounts to 1.30 and
the one from pseudo-soundings 1.06.
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